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The faithful storage of a quantum bit of light is
essential for long-distance quantum communica-
tion, quantum networking and distributed quan-
tum computing [1]. The required optical quan-
tum memory must, first, be able to receive and
recreate the photonic qubit and, second, store an
unknown quantum state of light better than any
classical device. These two requirements have
so far been met only by ensembles of material
particles storing the information in collective ex-
citations [2–7]. Recent developments, however,
have paved the way for a new approach in which
the information exchange happens between single
quanta of light and matter [8–11]. This single-
particle approach allows one to address the ma-
terial qubit and thus has fundamental advantages
for realistic implementations: First, to combat
inevitable losses and finite efficiencies, it enables
a heralding mechanism that signals the success-
ful storage of a photon by means of state de-
tection [12–14]. Second, it allows for individual
qubit manipulations, opening up avenues for in
situ processing of the stored quantum informa-
tion. Here we demonstrate the most fundamen-
tal implementation of such a quantum memory
by mapping arbitrary polarization states of light
into and out of a single atom trapped inside an
optical cavity. The memory performance is ana-
lyzed through full quantum process tomography.
The average fidelity is measured to be 93 % and
low decoherence rates result in storage times ex-
ceeding 180 µs. This makes our system a versa-
tile quantum node with excellent perspectives for
optical quantum gates [15, 16] and quantum re-
peaters [17].
The robustness of a light qubit against inevitable pho-
ton loss during propagation and detection is essential for
realistic applications. We therefore encode our qubit in
the polarization degree of freedom. In this way, pho-
ton loss reduces a quantum protocol’s efficiency, but can-
not compromise its fidelity. Realizing such a polarization
quantum memory has two main challenges, namely, find-
ing a material qubit with a suitable energy-level scheme
and achieving strong light-matter coupling for efficient
and reversible information exchange. Both challenges are
met in the system reported here. It features straight-
away competitive fidelity and efficiency and longer stor-
age times than all previous demonstrations [2–7]. Even
Figure 1. Single-atom quantum memory. a, A sin-
gle atom (1) (the inset shows a typical fluorescence image)
is trapped at the centre of a high-finesse optical cavity us-
ing a far-detuned standing-wave dipole trap (2). b, An im-
pinging weak coherent pulse (3) with arbitrary polarization is
converted into an atomic spin excitation using a pi-polarized
pump laser (4). c, This maps the photonic polarization qubit
onto a long-lived superposition of the |F =2,mF =±1〉 ground
states of the atom. d, After a variable storage time, the polar-
ization qubit is retrieved by the production of a single photon
(5).
better, clear strategies for improving its characteristics
are identified. No fundamental physical limits have been
reached, testifying to the usefulness of this approach and
indicating a promising future for single-atom quantum
memories.
The hardware of our quantum memory is a single
87Rb atom quasi-permanently trapped at the centre of
a high-finesse optical cavity (Fig. 1) (see Supplementary
Information)[18]. The efficiencies for coupling photons
into and out of the cavity are optimized by using one
high-reflectivity mirror (transmission T < 6 ppm) and an
output coupler with higher transmission (T ≈ 100 ppm).
The atom-cavity coupling constant g is comparable to
the cavity-field decay rate κ and the atomic polariza-
tion decay rate γ of 87Rb, and therefore the system
is in the intermediate coupling regime of cavity QED:
(g, κ, γ) = 2pi × (5, 2.5, 3) MHz.
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2The memory is initialized by preparing the atom in
the state |F = 1,mF = 0〉 with an efficiency higher than
90 %. It is probed using weak coherent pulses (mean pho-
ton number n¯ < 1) resonant with the cavity and 12 MHz
blue detuned from the Stark shifted F =1 ↔ F ′=1 res-
onance of the D2 line. Simultaneously with the arrival
of the incoming pulse, the Rabi frequency of a control
laser in Raman-resonance with the cavity is adiabatically
ramped down to zero. The control laser is oriented per-
pendicular and is pi-polarized with respect to the quanti-
zation axis defined by the cavity axis. This transfers the
atomic population to the ground states |F =2,mF =±1〉
through a cavity-mediated stimulated Raman adiabatic
passage (STIRAP) [8, 19] (Fig. 1a). During this coher-
ent process, the phase relation between the σ± input po-
larization modes is mapped to a relative phase between
the populations of the aforementioned Zeeman substates
(Fig. 1b). Efficient storage is achieved by optimizing the
centre and width of the falling edge of the control laser
pulse following a cos2 function in time.
After a variable storage time, a second control laser
pulse converts the atomic qubit back onto the polariza-
tion of a produced single photon [9], which ideally will
be in the same polarization state as the initial incom-
ing pulse (Fig. 1c). The wave-packet shape of the re-
trieved photon can thereby be adjusted, independent of
the form of the input pulse, which is of great importance
in more complex quantum networks. A non-polarizing
beam splitter is used to separate the paths for incom-
ing and outgoing photons, with the latter being directed
to a detection setup, where the polarization state of the
photon can be analyzed in any basis.
We define the efficiency of our quantum memory as the
fraction of photons retrieved from the cavity after stor-
age, normalized to the input (Fig. 2). It was measured
to be (9.3± 1) % (see Supplementary Information). The
uncertainty is dominated by fluctuations in the system
parameters (e.g. the atomic position). We independently
measured the photon production efficiency which is rele-
vant for the readout process to be 56 %. The efficiency is
clearly limited by the atom-cavity coupling [20, 21] and
could be increased considerably by better localization of
the atom or a smaller cavity mode volume. Due to the
single-atom character of our quantum memory, only sin-
gle photons can be stored, even if the input is a coherent
state. This is confirmed by the measured antibunching
of the retrieved photons (inset in Fig. 2).
We have characterized our quantum memory with six
different input polarizations: |R〉, |L〉, |H,V 〉 = (|R〉 ±
|L〉)/√2 and |D,A〉 = (|R〉 ± i|L〉)/√2. For each input
state, the output is analyzed in three orthogonal bases,
which allows for a full reconstruction of the retrieved pho-
ton’s density matrix [22]. The fidelity is defined as the
overlap of the density matrix ρ of the measured output
with the ideal input state |ψi〉: F = 〈ψi|ρ|ψi〉. It there-
fore not only includes the storage process but also pos-
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Figure 2. Write and read process of the memory.
While the input photon pulse (shaded area, full width at
half maximum 0.7µs) impinges on the cavity, the power of
the control laser (blue, curve only schematic) is adiabatically
ramped down to zero. Part of the incident light is directly
reflected from the memory (green area). After an adjustable
storage time, a photon is produced by adiabatically switching
on the control laser. The area of the retrieved photon pulse
(red) relative to the incident pulse yields the overall storage
efficiency of the memory of 9.3 %. The inset shows the correla-
tion function g(2)(τ) of the retrieved photons as measured by a
Hanbury Brown–Twiss experiment. The ratio of two-photon
to single-photon events is 0.5 % and can be fully explained by
stray light and dark counts of the detectors. This verifies the
single-photon character of the retrieved light.
sible infidelities of the read-out. The fidelities of the six
input states for a storage time of 2 µs are
|H〉 : 92.2 (4) %, |V 〉 : 92.0(4) % ,
|D〉 : 91.9 (5) %, |A〉 : 90.9(4) % ,
|R〉 : 95.1 (4) %, |L〉 : 94.2(4) % ,
yielding an arithmetic mean [23] of 92.7(2) %. The aver-
age fidelity of the input states directly reflected from the
cavity is 99.20(2) %, proving that errors during prepara-
tion, propagation and detection of the photon’s polariza-
tion state are small.
Our fidelity has to be compared to what can be
achieved following classical strategies. Unlike a quantum
memory, a classical memory effectively performs a mea-
surement on the state of the incoming qubit. Based on
the incomplete information gained, it will try to repro-
duce the input state, a procedure known as an intercept-
resend attack in the context of quantum key distribution
[24]. The maximum average fidelity that can be achieved
with such a classical memory and single input photons
is 2/3 [25]. When tested with coherent light, a classical
memory could gain additional information by measuring
more than one photon. In that case, the fidelity thresh-
old for a quantum memory with our characteristics is
3Figure 3. Tomography of the storage process for a
storage time of 2µs. a, The storage process can be depicted
as a deformation (bluish ellipsoid) of the unit Poincare´ sphere
(black circles). The coloured dots indicate the polarizations
of the input states on the axes (same colour coding) after
storage. The average fidelity is F = 92.7 ± 0.2 %, clearly
proving the quantum character of the memory. b, Real part of
the process matrix χ as obtained from a full quantum process
tomography. All imaginary parts are close to zero (largest
magnitude 0.034).
increased to 80 % (see Supplementary Information). Our
fidelity is well above both of these thresholds, thereby
proving the quantum nature of the memory.
In order to obtain the storage fidelity for an arbitrary
input state, the process can be further analyzed using
quantum process tomography [26–28]. Every polariza-
tion state can be represented by a three-dimensional vec-
tor ~S. Pure states have |~S| = 1 and therefore lie on
the unit Poincare´ sphere. An intuitive representation for
the infidelity of the storage process for any input state is
given by the deformation of this sphere (Fig. 3a).
An alternative representation for the quantum process
is obtained via the process matrix χ. It maps an input
density matrix ρin onto the corresponding output state
ρout, via
ρout =
3∑
m,n=0
χmnσmρinσ
†
n.
Here, the operators σi form a set of Pauli matrices. As
we observe no systematic dependence of the efficiency on
the polarization of the input pulse, the efficiency can be
excluded by normalizing the density matrices. Then, for
a process preserving the input state, χ00 is equal to one,
while all other elements are zero. As shown in Fig. 3b,
the main deviation of our χ matrix from the ideal one is
a nonzero χ33, indicating dephasing between the Zeeman
states.
Several processes contribute to the infidelity of our
quantum memory. The main contribution arises from
the production of a photon independent of the state of
the input photon, caused by non-optimal optical pump-
ing to F = 1. We have confirmed that this occurs with
an efficiency of less than 1.3 % by measuring the effi-
ciency of producing a photon without incoming photon
during the storage process. The detrimental effect of in-
coherent transfer of the atomic population [10] is mini-
mized by working in two-photon resonance but 12 MHz
off-resonant from the atomic transition. Stray light and
dark counts only occur with a probability of 0.3 % rela-
tive to the number of incoming photons.
We have also characterized our memory by measur-
ing the write-read fidelity as a function of the storage
time (Fig. 4a). The classical limit of 2/3 is reached after
82 µs. For longer storage times, the system approaches
F = 50 % as expected for a completely mixed output
state. Two main aspects contribute to the observed de-
cay: residual fluctuating magnetic fields and differential
Stark shifts caused by the trapping lasers. Both lead to
a dephasing of the stored state. Gaussian field fluctua-
tions explain the observed Gaussian decay of fidelity with
storage time. We find the fidelity for circularly polarized
light to decay slower than for linear polarizations, as the
respective atomic states are eigenstates of any longitu-
dinal magnetic field. By applying a guiding magnetic
field Bguide, the storage times can be further increased
(Fig. 4b). Using a field parallel to the cavity axis sup-
presses the influence of perpendicular fluctuations ∆B on
the absolute field stability by a factor ∆B/2Bguide. The
influence of longitudinal fluctuations, however, is unaf-
fected. The guiding field causes the relative phase be-
tween the states |F =2,mF =±1〉 to evolve at twice the
Larmor frequency. Since linear polarizations are stored
as superpositions of these states, the measured fidelity
shows a sinusoidal oscillation. Knowing the precession
period of 21 µs for a guiding field of Bguide = 34 mG and
the storage time, this can be compensated using polariza-
tion optics. The slightly reduced fidelity at short storage
times is caused by an already significant Larmor preces-
sion during the storage and retrieval process. The overall
results, however, are increased fidelities for a given stor-
age time and therefore longer overall storage times. This
is evidenced by a more than two-fold increase in storage
time, with the average fidelity reaching the classical limit
of 2/3 after 184 µs. The effect for purely circular polariza-
tions, which are stored in eigenstates of the guiding field,
is even more dramatic, with the fidelity staying almost
constant during the observation period.
In summary, we have demonstrated a quantum mem-
ory for polarization qubits based on a single trapped
atom with an average fidelity of 93 %, storage times of
184 µs and an overall efficiency of 9.3 %. Further improve-
ments are possible by storing the qubit in a decoherence-
free subspace, with the prospect of storage times exceed-
ing several seconds [29]. The single-particle nature of our
memory also provides the potential for the implementa-
tion of a herald. As a successful storage attempt depopu-
lates the atomic F =1 state, its use as the bright state in
hyperfine state detection [13] will herald the storage with-
out degradation of the qubit [12]. Such a heralded mem-
ory can be used to perform a quantum non-demolition
4Figure 4. Storage time. a, The fidelity between ideal in-
put and measured output state is plotted as a function of the
storage time. A significantly slower decrease for the circular
polarizations (blue triangles) compared to all linear polariza-
tions (red circles) can be observed. The error bars denote the
scatter for individual polarizations. For the average fidelity
(black dots and black Gaussian fit), the classical limit of 2/3
is reached after 82 µs. For the retrieved photon, the evolu-
tion of the Poincare´ sphere in Stokes space confirms that the
main decoherence mechanism is dephasing between the Zee-
man states that encode |R〉 and |L〉. b, Increased storage
times can be obtained by applying a constant guiding field of
Bguide = 34 mG along the cavity axis. The resulting Larmor
precession of the atomic Zeeman coherence results in an oscil-
lation of the retrieved polarization for linearly polarized states
(only |H〉 is shown) with a period of 21µs. The net effect is
a stabilization of the coherence of the atomic qubit and an
increase in the average achievable storage time by more than
a factor of 2. In b the average fidelity is defined as the mean
of the fidelities for |H〉 (doubly weighted) and |L〉.
measurement on the presence of a photonic qubit. Fur-
thermore, the demonstrated mapping of a photon state
onto an atom can be used to realize a deterministic entan-
glement scheme between remote atomic qubits: If a first
emitting atom is entangled with a photon [9], the absorp-
tion of this photon in a memory atom directly produces
entanglement between the two atoms [8]. This estab-
lishes single-atom cavity systems as universal nodes of a
future quantum network.
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SUPPLEMENTARY INFORMATION
SYSTEM PREPARATION AND
EXPERIMENTAL SEQUENCE
The scheme starts with the probabilistic loading of
a single atom from a magneto-optical trap. A load-
ing event takes 1–2 seconds. The system switches to
trapping mode (2 W standing-wave dipole laser beam at
1064 nm, focused to a waist of 16 µm at the centre of the
cavity) when a single atom is detected. The innermost
part of the cavity region is imaged onto an EM-CCD
camera using an objective with high-numerical aperture
(NA = 0.43). Every second the position of the atom is
determined and, in case of a displacement, the standing-
wave pattern of the dipole trap is shifted by means of a
rotatable glass-plate in front of the retroreflecting mir-
ror. This allows for micro-positioning of the atom along
the dipole trap axis exactly at the centre of the cav-
ity mode [30]. The standing-wave dipole trap (3 mK
trapping potential, 133 MHz maximum AC-Stark shift)
causes a spatially modulated atomic transition frequency.
This allows for Sisyphus-like cooling via a combination of
a lin ⊥ lin retroreflected laser resonant with the unshifted
F =2↔ F ′=3 cycling transition and a repumping laser
on the F =1↔ F ′=2 transition [31]. The resulting aver-
age trapping time during the storage sequence is 70 s. As
this is much longer than the loading period, single atoms
are quasi-permanently available.
In order to characterize the performance of the quan-
tum memory, the following experimental sequence is
used: Initially, the atom is cooled for 150 µs employing
the above-mentioned cooling mechanism. Subsequently,
the reflection of a coherent input pulse off the cavity is
measured as a reference, while the atom in the F =2 state
is effectively decoupled from the cavity. Then, the atom
is transferred to the state |F = 1,mF = 0〉 using a two-
step process. First, it is pumped to the F = 1 manifold
using a stimulated Raman adiabatic passage (STIRAP).
In a second step, a pi-polarized laser resonant with the
F = 1 ↔ F ′ = 1 transition transfers the population to
|F =1,mF =0〉. This procedure is repeated five times to
achieve a pumping efficiency above 90 %. Subsequently,
an impinging coherent pulse is written into the mem-
ory, stored for a variable time and read out. The whole
sequence is repeated at a rate between 2.5 and 5 kHz,
depending on the storage time.
EFFICIENCIES
Definition of the storage efficiency
For the case of perfect single photon input pulses an in-
tuitive definition for the write-read efficiency of the quan-
tum memory is the fraction of events in which a photon
6is retrieved. Using an optimized impedance matching,
nearly unity absorption efficiency is in principle possible
[32]. To extend this definition to the cases of probabilis-
tic single photons and coherent input pulses, events with
vacuum states and higher photon numbers have to be
accounted for.
A possible definition for the write-read efficiency is the
probability of success per non-empty input pulse, i.e. the
ratio of successful storage and retrieval events relative to
all events with at least one photon in the input pulse.
However, this definition only yields an upper bound for
the single-photon efficiency: If several photons are avail-
able for storage, as is possible for coherent pulses, the
efficiency will be higher than for single photons.
A definition of the write-read efficiency more suitable
for coherent pulses is the ratio of the mean energy of
the retrieved and impinging pulse. It is used through-
out here. As the memory can store only up to one pho-
ton, this definition gives a lower bound for the single-
photon efficiency. For example, a perfect quantum mem-
ory tested with coherent input pulses with on average
one photon (n¯ = 1) will yield an efficiency of 63 % under
this definition.
Photon detection efficiency
Besides the non-unity efficiency of the quantum mem-
ory, photon loss decreases the detected signal of the im-
pinging and retrieved pulse. Storage and retrieval of the
photon is performed through the outcoupling mirror. An
intracavity photon leaves the cavity through this mirror
with a probability of 92 %. The cavity mode on this side
is spatially mode-matched to a single-mode optical fiber.
The overall detection efficiency for a photon at the out-
put of the cavity is 41 %. This is a combination of the
fiber coupling efficiency (86 %), transmission through op-
tical elements (96 %) and the quantum efficiency of the
single photon counting modules (50 %). These inefficien-
cies are identical for all photons coming from the cavity,
i.e. for both, reflected as well as retrieved photons. They
therefore cancel out in the calculation of the efficiency.
In the experiment, the input light reflected from the
empty, resonant cavity is monitored. To deduce the en-
ergy of the input pulse, this value has to be corrected for
cavity-associated losses, i.e. absorbtion and scattering
of light inside the cavity and partial transmission. Only
71 % of the light that is reflected off the non-resonant
cavity is reflected off the resonant cavity. This was ac-
counted for in Fig. 2 of the main text. To retrieve the
curve for the impinging light (shaded area), the mea-
sured reflection of the input pulse from the locked cavity
was divided by 0.71. In addition, there is a difference in
the detection efficiency for incoming light reflected off the
unlocked cavity compared to light that leaves the cavity
(e.g. light in the retrieved pulse). The former was deter-
mined to be 87 % of the latter. This is included in Fig. 2
of the main text by dividing the reflected signals (shaded
and green area) by 0.87. In total, the efficiency given in
the main text is the fraction of retrieved photons rela-
tive to the number of photons impinging on the cavity,
including imperfect mode matching of the input beam.
CLASSICAL MEMORIES AND COHERENT
INPUT PULSES
A classical memory performs a measurement on a
qubit, stores the result classically and accomplishes read-
out by preparing a new qubit based on the obtained mea-
surement result. In the context of quantum key distri-
bution, this is known as an intercept-resend attack [33,
34]. The maximum average fidelity that can be achieved
with such a classical memory and single input photons is
2/3 (see [35]). If the input pulse consists of several iden-
tical photons, a classical memory could gain additional
information by individual measurements of the photons
in different bases [36]. For input pulses with fixed photon
number the maximum achievable fidelity is [35]
FMP(N) = N + 1
N + 2
. (1)
In the case of coherent input pulses with a mean photon
number n¯, the number of photons per pulse N follows a
Poissonian distribution
p(n¯, N) =
n¯N
N !
e−n¯ . (2)
The maximally achievable average fidelity can in this case
be calculated as
Fcoh(n¯) =
∑
N≥1
FMP(N) p(n¯, N)
1− p(n¯, 0) . (3)
Thus, the fidelity threshold that discriminates between a
classically possible process and a true quantum memory
has to be increased. As long as this is properly accounted
for, a quantum memory can unambiguously be charac-
terized with coherent input pulses. As an example, a
classical memory that is tested with coherent states with
n¯ = 1 can achieve a fidelity of 70.9 %.
An even more elaborate classical memory could also
simulate non-unity efficiencies to increase the fidelity.
The strategy of such a memory would be to produce no
output when the input photon number is low, therefore
only emitting a photon in cases of high enough incident
photon numbers. For the user this would appear as an
increased fidelity at the expense of a decreased efficiency
of the memory. In the limit of extremely low efficiencies,
fidelities approaching 100 % are possible.
Supplementary Fig. 1 shows how the maximally achiev-
able fidelity of a classical memory depends on its ef-
ficiency and the mean photon number of the coherent
7Supplementary Figure 1. Fidelity threshold for classical memories. The maximum average fidelity that is achievable
with classical measurements is shown. It depends on the mean photon number of the coherent input pulse and on the required
efficiency of the memory. The parameters relevant for our work are marked with a cross.
probe pulses exploiting both aforementioned strategies.
Owing to our definition of the efficiency and no more
than a single photon in the output, there is an upper
limit for the efficiency at a given mean photon number
(signaled by the boundary to the white region in Supple-
mentary Fig. 1). It starts at one for extremely low mean
photon numbers and drops for large values as 1/N . For
our memory efficiency of 9.3 % and on average one in-
put photon the fidelity threshold for proving a quantum
memory is 80.1 % (black cross in Supplementary Fig. 1).
ANIMATIONS
Supplementary Movie 1a and 1b (distributed sepa-
rately) contain the temporal evolution of the storage pro-
cess as a movie. Polarization measurements on the re-
trieved signal were interpolated for a sequence of storage
times. While the magnetic field was minimized for the
measurements of Supplementary Movie 1a (one measure-
ment every 30 µs), a guiding field of 34 mG was applied
for Supplementary Movie 1b, leading to a rotation of the
Poincare´ sphere at twice the Larmor frequency (one mea-
surement every 2–4 µs).
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